Avian eggs are at risk of microbial infection prior to and during incubation. A large number of defence mechanisms have evolved in response to the severe costs imposed by these infections. The eggshell's cuticle is an important component of antimicrobial defence, and its role in preventing contamination by microorganisms in domestic chickens is well known. Nanometer-scale cuticular spheres that reduce microbial attachment and penetration have recently been identified on eggs of several wild avian species. However, whether these spheres have evolved specifically for antimicrobial defence is unknown. Here, we use comparative data on eggshell cuticular structure and nesting ecology to test the hypothesis that birds nesting in habitats with higher risk of infection (e.g. wetter and warmer) are more likely to evolve cuticular nanospheres on their eggshells than those nesting in less risky habitats. We found that nanostructuring, present in 54 of 296 analysed species, is the ancestral condition of avian eggshells and has been retained more often in taxa that nest in humid infection-prone environments, suggesting that they serve critical roles in antimicrobial egg defence.
Background
Avian eggs are a model system to investigate environmental effects on biological diversity because they are critical for embryo survival, are laid in a broad range of ecological conditions and display wide phenotypic diversity. For example, variation in nest location and microclimate, parental incubation patterns and risk of predation have led to the evolution of different shapes, colours and structural components of eggs (e.g. [1 -4] ).
From the onset of laying, eggs are constantly at risk of infection by microbes [5, 6] and certain environments are known to be particularly risky. For example, infection risk increases when ambient or nest humidity is high [7] [8] [9] [10] , nests are located in close proximity to water (e.g. floating nests, [11] ), or eggs are incubated in cavities or buried in highly humid mounds of vegetation [12] . Numerous defence mechanisms have evolved in response to the severe fitness costs imposed by microbial infection. Some of those include parental behaviours that may sanitize the nesting environment, like preventing the accumulation of water in the nest [13, 14] , the inoculation of eggs and nesting materials with antimicrobial components from uropygial waxes [15] or the use of fresh plants containing aromatic compounds as nest liners [16] .
Egg architecture is probably the best example of an adaptive response to environmental threats, including microbes. The eggshell, for example, functions as a series of resistance barriers adapted to specific nesting conditions, physiological demands by the embryo, and the types of microorganisms prevalent in nests and parents [17] . Eggshell structure is a labile trait that can rapidly change in response to environmental pressures. For example, after colonizing new environments with high ambient humidity, house finch (Carpodacus mexicanus) populations increased eggshell thickness and decreased eggshell porosity in less than 30 generations [18] .
In many species, the eggshell is sealed by the cuticle, a layer of highly variable thickness, structure and composition among bird taxa; this cuticle can, however, be absent in entire lineages like parrots, pigeons and petrels [19] . Some eggshell cuticles are composed of nanometer-scale spheres (figure 1) of vaterite (CaCO 3 ; e.g. guira cuckoo, Guira guira and smooth-billed ani, Crotophaga ani [20] ) or hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; e.g. greater flamingo, Phoenicopterus roseus and Australian brush-turkey, Alectura lathami [21, 22] , domestic chicken [23] ).
The cuticle serves several important functions, including termination of eggshell formation [23] , modulation of ultraviolet wavelengths that could cause harm to the embryo [24, 25] and signalling function [26, 27] . The specific role of the cuticle in preventing microbial infection was hypothesized four decades ago [17] but has only been experimentally demonstrated in domestic chickens [28] and more recently in the nanosphere cuticles of a megapode species [22] . Moreover, cuticles with nanospheres are effective at waterproofing eggs by capping the shell pores while allowing the diffusion of respiratory gasses ( particularly important when nests are inundated [29, 30] ). Nanospheres may thus help protect embryos from microbial contamination by conferring, first, a hydrophobic surface that prevents accumulation of water on the egg's surface [22, 31] , as biofilm formation cannot proceed in the absence of water [32] , and second, a rough surface that decreases bacterial attachment [33] . Different types of cuticles may also protect the egg from infection by blocking the pores used by bacteria to penetrate into the egg contents [34] , but inorganic, mineralized nanospheres might be less prone to microbial digestion and degradation [8] . In particular, it has been proposed that nanosphere cuticles serve an antimicrobial function for species that nest in environments with high risk of flooding [30, 33] or of microbial infection. However, this hypothesis has not been tested in a comparative context.
The goal of this study was to integrate data on eggshell structure ( presence of cuticular nanospheres) and nesting ecology of a wide range of birds to test the hypothesis that the evolution of eggshell cuticles is associated with nesting ecologies that increase the risk of nest flooding or egg microbial infection. In particular, we predict that cuticles with nanospheres will evolve more often in species living in humid and hot environments. We also expect that cuticular spheres will be more prevalent in species nesting on the ground or in mounds, where soil bacteria are abundant, and less prevalent in species that use fresh vegetation to line their nests, as this material can sanitize nests and thereby decrease the risk of egg infection.
Material and methods (a) Eggshell structure
We gathered data on cuticular nanospheres from species descriptions and photographs in [19] (N ¼ 296) and corroborated them (when samples were available) by scanning electron microscopy (SEM) of shell fragments (N ¼ 56 species; see the electronic supplementary material for details). We created a binary variable for shell structure by noting the presence or absence of nanospheres (electronic supplementary material, figure S1 ) on the cuticle for each species. Nanospheres can be composed of calcium carbonate, calcium phosphate or a mixture of the two [20 -23] . Chemical data for most species is not available, but the similar developmental pathways and overlap (even in the same egg) of the two chemistries [23] suggests that they are homologous and we treat them as such.
(b) Environmental variables and nesting ecology
We used the database of Handbook of the birds of the world alive [35] and species monographs to gather information on nesting ecology for all species in our study. For each species we recorded (i) the type of nest used (ground, platform, tree cup, cavity or mound), (ii) the presence or absence of nest lining, (iii) the presence or absence of green plant material (e.g. fresh leaves, herb sprigs) in the nest (hereafter greenery), (iv) the general proximity of the nest to water (e.g. greater than 10 m from water body or above water), and the timing and geographical location of breeding. The use of greenery in the nest was categorized following the description in [16] , which designates greenery as non-constituent fresh green plant material added following nest construction. We also used historical records (from 2000 to 2012) for each location using World Weather Online (http://www.worldweatheronline. com) and calculated the mean across all localities (minimum two locations) for a given species for two climatic variables: (v) mean ambient temperature, and (vi) humidity ( precipitation in millimetres) during the months that incubation takes place. In cases where a wide range of breeding locations for a single species were presented, we used the mean across these locations.
(c) Phylogeny
For the comparative analyses, we used the complete Bayesian species-level avian phylogeny by Jetz et al. [36] , built based on both genetic and taxonomic information and the higher-order relationship backbone from Hackett et al. [37] . This tree was constructed using genetic information for about two-thirds of avian species, with the missing species added taxonomically, based on a heterogeneous birth -death model, and represents the current most complete reconstruction of the avian tree of life. Of the 296 species considered in our study, only 16 (5.4%) lacked molecular phylogenetic data and were grafted taxonomically to the genetic tree. To account for any biases that could potentially result from including those species in our analyses we repeated our analyses using the tree containing only species for which genetic data are available and present those confirmatory results in the electronic supplementary material.
We conducted analyses on the maximum clade credibility (MCC) tree, and in order to account for phylogenetic uncertainty and minimize conflicts resulting from species added taxonomically, we repeated our analyses across a subset of 100 trees randomly sampled from the posterior distribution. To facilitate model optimization and rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160687 interpretation of parameters, trees were transformed to have a root-to-tip distance of 1 before comparative analyses.
(d) Ancestral reconstruction and phylogenetic signal of eggshell structure
To reconstruct the ancestral character states of eggshell structure (the presence or absence of cuticular nanospheres), we performed maximum-likelihood (ML) reconstructions in R using the 'ace', or ancestral character estimation, subroutine of the APE package. We tested whether a model considering equal or different transition rates between gain and loss of cuticular nanospheres, under a continuous-time Markov chain, had the best fit to our data and tree using a likelihood ratio test [38] [39] [40] . The best model was then used to reconstruct ancestral states based on the ML at each node integrating over all other states of all other nodes weighted by their probabilities (i.e. marginal reconstruction [41] ). When considering tests across the sampled trees from the posterior distribution, not all nodes will be present in all trees, and therefore, only the likelihood ratio test results and the probability of each state at the root are reported. Because our dependent variable is scored as a binary character, we measured phylogenetic signal strength for eggshell structure using Fritz and Purvis' D test for binary data [42] , as implemented in the function 'phylo.d' in the CAPER package [43] . This D-statistic is based on the sum of changes in node values along the branches of a tree, with values close to zero being closer to what would be expected under a threshold model for a quantitative trait evolving under Brownian motion [42] . We assessed the significance of the estimate of D through permutation tests (1000 permutations), based on the probability of obtaining the observed value of D under a random distribution of tip states (no phylogenetic signal) as well as from the Brownian evolution of an underlying threshold trait.
Given that ancestral state reconstructions can be influenced by incomplete sampling if sampling is biased with regards to the trait of interest and that sampling such detailed morphological data for a higher proportion of species would be impractical, we used a simulation approach to (i) estimate the overall distribution of the occurrence of nanosphere cuticles across the avian tree of life and (ii) the effects of incomplete sampling on ancestral state reconstructions. Following [44] , we estimated the proportion of species per genus by sampling unobserved species from a binomial distribution, with the probability that a species has nanospheres defined by the proportion of species with that trait in the genus. This sampling approach was chosen given the phylogenetic signal in the trait (see below) and the strong bimodality in the presence and absence of nanospheres within genera, which is also robust at higher taxonomic levels (electronic supplementary material, figure S2 ). Genera with no sampled species were informed by the proportions of species with nanospheres among genera within families and orders, such sampling is progressively more uncertain when less information is available for closely related taxa [44] . Only families sampled were included in the simulations. We performed 1000 simulations using the R package traitfill [44, available at https://github.com/traitecoevo/traitfill] to estimate the proportion of species with nanospheres within each genera, which were then averaged and used to simulate data on the occurrence of the trait at the species level, and finally used to reconstruct ancestral states for 1000 simulations of the trait.
(e) Phylogenetic generalized linear models
We conducted phylogenetic generalized linear models to evaluate whether the evolution of nanospheres on cuticles is related to nest type, the use of nest lining, the use of green plants, proximity to water, and ambient humidity or temperature during incubation. These regressions were conducted in R using the 'phyloglm' subroutine of the PHYLOLM package [45] [46] .
We fitted full generalized linear models with binomial error and logit link function considering the presence or absence of nanospheres on cuticles as the dependent variable and multiple nesting ecology variables as independent terms. Model selection was performed under an Akaike information criteria (AIC) framework based on a priori select models [47] . Because of significant correlations between humidity and temperature, and humidity and proximity to water, we avoided entering them simultaneously in the models. We evaluated a total of 27 models (see the electronic supplementary material, table S1 for full list of candidate models) in the candidate set, which included feasible linear combinations of our response variables. When more than one candidate model showed explanatory ability (indicated by an AIC value that differed in less than or equal to 2 from the best model), we model-averaged parameter estimates and the associated variances from the 95% confidence set of candidate models [47] . To account for phylogenetic uncertainty, analyses were conducted across the subset of 100 trees, with model-averaged estimates (and their uncertainty) combined across trees. Binary and continuous variables were standardized to a common scale by centring binary variables and standardizing continuous variables on 2 s.d. [48, 49] .
Results
We recorded the presence of cuticle in 91% (N ¼ 269 species) of all the species included in the study. However, the cuticle was composed of nanospheres in only 54 species (20%). Some clades (e.g. Gruiformes) were characterized by a mixture of species with and without spheres, whereas in most clades either all species had spheres (e.g. Spenisciformes and Pelecaniformes) or none had spheres (e.g. Accipitriformes, Passeriformes). As a result, the presence of cuticular spheres exhibited significant phylogenetic signal, and not significantly different from the distribution expected under a Brownian threshold model (Fritz and 44 .46, all p , 0.001), with the rate of losses of cuticular spheres being about 30Â greater than gains. As a result, the most recent common ancestor of all birds was inferred to have had eggshells with cuticular nanospheres, with these features being repeatedly lost across several bird clades (figure 2). This result was not changed when we used the phylogenies containing only species for which genetic data are available (electronic supplementary material, figure S3 ).
Simulations suggested that species with cuticular nanospheres were oversampled in our dataset (observed proportion of species with nanospheres: 18.24%, estimated: mean 06.69%, 95% quantiles 06.02-07.51%). Nonetheless, reconstructions taking this into account still supported the presence of cuticular nanospheres in the ancestor of all birds ( p (spheres) at root ¼ 0.99, 95% quantiles 0.998-0.999).
Species breeding in very humid environments tended to have shell cuticles with spheres. Consistent with an association between nesting ecology and the evolution of eggshell structure, ambient humidity, the use of nest lining and green plants were included in the two best models (those with rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160687 DAIC 2; mean W AIC ¼ 0.65 and 0.22, respectively) from the phylogenetic generalized linear models tested (electronic supplementary material, table S1). Cuticular nanospheres on eggshells were associated with increased precipitation during the egg laying and incubation periods, however, after accounting for model and phylogenetic uncertainty there was little evidence that the presence of cuticle spheres is affected by the incorporation of nest lining (table 1) .
We expected that elevated ambient temperature would be associated with the presence of cuticular spheres because of its potential role in increasing the risk of egg microbial infection. However, we found that the evolution of spheres was not associated with ambient temperature or with nest type (table 1) . Results and patterns were statistically similar when data were analysed using the phylogenies excluding species for which molecular data were not available (electronic supplementary material, table S2).
Discussion
The structure of avian eggshells has evolved in part as a response to ambient conditions during incubation [21] and plays an important role in the adaptation of birds to various environments [50] [51] [52] . Only one previous study has investigated the relationship between life-history parameters and the role of eggshell conductance within a comparative framework [53] . Here we report for the first time an association between the nanostructure of eggshells and nesting ecology in birds. Eggs of species that nest in more humid and wet environments are more likely to have cuticular nanospheres. This is most likely because humid environments increase the risk of flooding of eggs and/or microbial infection [10, 21] . Therefore, these data suggest that nanospheres are selected for protection against occlusion of pores and microbial or other environmental threats. Importantly, cuticular spheres appear to be ancestral, but have been lost numerous times and are entirely absent in large, derived clades like Passeriformes. Thus, extant bird species with cuticular spheres have likely not gained them, but rather have not lost them.
In wet environments, the eggshell pore canal can become flooded and impede exchange of vital gasses through the shell, impairing embryonic growth and potentially leading to asphyxiation [21] . In addition, bacterial transport with liquid water or water vapour through the pores is a mechanism for microbial infection [17] . Aside from its documented antimicrobial effects [22] , cuticle nanospheres can also plug the eggshell pores [22, [54] [55] [56] , preventing flooding and transshell movement of bacteria. Thus, nanospheres may represent a structural adaptation for both their antimicrobial and antiflooding benefits, as evidenced by their frequent association in our data with wet and flood-prone environments.
Maintaining optimal gas exchange during incubation is extremely important for embryo survival [57] . The rate at Figure 2 . Maximum clade credibility tree [30] pruned to the 296 species across 36 orders included in this study, indicating the presence (shown in red) or absence (black) of nanospheres on eggshell cuticles. ML ancestral character reconstructions of reproductive mode are shown along the tree. The presence of cuticular spheres probabilities on internal nodes were estimated using maximum-likelihood under the two-rates model. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160687 which oxygen, CO 2 and water vapour are exchanged is determined largely by shell conductance and nest humidity [58] . In certain species, the cuticle is a highly conducible layer that has negligible effects on gas exchange [59] . In other species, the cuticle can modulate shell conductance [60] . These differing patterns might depend on the cuticle's ultrastructure (e.g. presence of fissures; [60] ) or potentially on its chemistry (e.g. lipid content). Nests in high altitude, and dry or humid environments can impose important challenges to gas exchange, so we expect that selection would act to modify conductance of eggshells to match the requirements imposed by environment. For example, nanospheres on the thick cuticles of Adelie penguin (Pygoscelis adeliae) eggs significantly reduce the rate of water loss that would otherwise be detrimental in the arid Antarctic environment [61] .
In more humid environments, however, higher shell conductance may be beneficial to sustain optimal water loss [59] . Deeming [60] suggested that in certain conditions, for example, when eggs have low conductance (e.g. at high altitude or dry environments), the absence of a cuticle would be beneficial to embryonic survival. Thus, the presence of cuticles with nanospheres could impose an effective resistance to gas diffusion and represent a fitness cost to the maintenance of this eggshell trait. Additionally, hydroxyapatite or vaterite nanoparticles greatly increase fracture toughness of ceramics [62] by effectively deflecting crack propagation [63] . This suggests that nanospheres on cuticles might increase eggshell toughness and potentially hinder the hatching process for embryos with otherwise brittle eggshells [64] . However, testing these two hypotheses will require further investigation. Thus, a thick cuticle may lower conductance and gas exchange, or increase eggshell toughness, costs that may be balanced by its other positive effects in certain situations.
Relaxed selection due to lowered infection in less humid environments, or selection for greater conductivity in more water-restricted environments, may also explain the repeated loss of eggshell cuticular spheres. Passerines, for example, may lack nanospheres in part because of their tendency to nest higher in trees or in suspended vegetation, and thus further away from water. Indeed, no passerines are known to use floating nests or ground mounds of vegetation. By nesting above ground and with lower risk of flooding or water accumulation, selection on antimicrobial properties may have been reduced, leading to the loss of nanospheres. In addition, the use of sanitizing greenery in nests (e.g. Accipitriformes, Falconiformes) suggests that antimicrobial or antiparasitic [65] defence is still important for other groups that have lost nanospheres, and given the low evolutionary rates to regain the presence of cuticle nanospheres, these groups may have evolved alternative solutions to this problem.
In addition to their many other roles, eggshells may also help prevent harmful ultraviolet wavelengths from reaching the embryo [24, 25] . This effect could be particularly important in open cup nests that are exposed to more sunlight. The cuticle appears to absorb ultraviolet wavelengths [25] , and indeed the nanospheres on the thick cuticle found in megapode eggs absorb UV light [25] . However, UV protection is unlikely to be ecologically significant in megapode eggs, as these birds bury their eggs in mounds. Moreover, we found no relationship between nest type and the presence of nanospheres, suggesting that relative UV exposure is not a significant selective pressure. Egg colours may also be sexually selected (e.g. [26] ) or important for egg recognition in brood parasitized birds (e.g. [66] ). However, more research is needed on how the cuticle itself [27] , and whether the nanospheres, in particular, affect coloration, especially in the context of communication and signalling functions, before we consider these potential effects.
From a developmental perspective, the loss of nanospheres may result from a pH shift in the intrauterine milieu during egg development (i.e. less alkaline or having specific molecules that can act as inhibitors of mineralization [67] ). The presence of organic molecules, including amino acids, peptides and proteins, promote and control crystallization of vaterite [68] and hydroxyapatite spheres [69] . The uterine conditions of birds other than chickens during egg development are largely unknown, meaning that considerable work will have to be done to test this hypothesis. Table 1 . Comparison of phylogenetic generalized linear models explaining the presence of nanospheres on cuticles of eggshells of 296 bird species used in the study. Lower DAIC scores (AIC model (i) -AIC best model ) indicate better models. Only models that contain 99% of the evidence weight are shown. Bold numbers denote the top-ranked models (those with DAIC 2). See electronic supplementary material, table S1 for all model results. The proportion of trees in which each model was preferred is presented. Effect sizes standardized on 2 s.d., following Gelman [49] . Variables not included in the 95% confidence set of candidate models.
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In conclusion, we have shown that a largely unstudied, but critical, aspect of avian eggshell morphology evolved early and was subsequently lost in many groups. The association between the presence of nanospheres and moisture suggests that these patterns may be explained by the need to protect the egg against flooding and microbial invasion. Future work should focus on testing the effects of nanospheres on conductance and gas exchange, as well as the uterine conditions needed for their development and deposition.
Data accessibility. Original data available from the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.56gn0).
